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Abstract 
A numerical model for a vertical-aligned nanowire (NW) radial p-i-n junction-based photovoltaic (PV) device is presented. The fill 
factor, the power conversion efficiency, the optimum device length, radius and doping level are calculated using a simulator built on 
the commercial package Comsol Multiphysics only. The sensitivity of the Si nanowire to temperature variations is also investigated. 
The results are found to be in accordance with the available experimental measurements.   
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1. Introduction  
The third solar cell generation aims to exploit novel physical phenomena in order to provide alternatives to 
traditional bulk and thin film devices. The main objective of this new generation is to improve the conversion 
efficiency while keeping the total cost competitive [1]. Semiconductor nanowires are expected to play an important 
role in the technological innovations of this century. In particular, they have attracted significant attention because they 
can potentially be used in the energy conversion domain such as in solar cells. It was previously demonstrated that a 
radial p-n junction nanowire has an output conversion efficiency which exceeds the corresponding one designed using 
a planner geometry [2,3]. In this paper, a p-i-n nanowire photovoltaic device is investigated. In the p-i-n structure, a 
layer between the p-doped and the n-doped layers is left undoped (intrinsic). The built-in potential is the same as in the 
p-n junction, but the electric field and the depletion region extend over a wider region. This is advantageous in 
materials with short minority carrier diffusion lengths because the light generated carriers have less probability of 
recombination before being collected. This is added with the already present advantage of carrier collection in the 
radial direction to the NW axis. It is now widely accepted that such structures enable an extremely efficient carrier 
collection. This relaxes the demand for the material quality, which leads to the reduction in material related costs. 
 
In the present work, a numerical model based only on Comsol Multiphysics simulation tool [4] for a radial p-i-n 
nanowire photovoltaic device is introduced. The J-V characteristic curve is plotted and the device electrical parameters 
(open circuit voltage, short circuit current, fill factor and conversion efficiency) are calculated. Device optimization 
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regarding total conversion efficiency is then achieved resulting in an optimum length, radius and doping level for the 
device. The effect of varying the temperature is also considered.  
 
2. Modeling  
 The geometry of the modeled device is shown in figure 1. It consists of a p-type silicon core  of radius 80 nm 
covered with an intrinsic silicon shell of radius 20 nm and then another n-type silicon shell of radius 20 nm.  Maxwell’s 
equations are solved in three dimensions to calculate the absorption coefficient of the NW and AM1.5G is assumed [5]. 
On the other hand, drift diffusion model is considered for carrier transport assumed only in the radial direction.  Bulk 
and surface recombination are also accounted for.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Schematics of the p-i-n coaxial silicon nanowire (a) side view (b) Top view. 
3. Simulation Results and Discussions 
3.1. Single Junction Modeling  
Dark and light J-V curves for Si radial p-i-n junction solar cells are shown in figures 2. The simulated conversion 
efficiency Ș is 8.2 %, the fill factor FF = 85%., the open circuit voltage VOC  = 534 mV, and the short circuit current  
JSC = 22.5 mA/cm2 at 120 nm radius, and 1 μm length. This calculated efficiency exceeds that of a radial p-n junction 
of approximately the same dimension calculated in [3] by about 60%. Simulation results are in accordance with the 
published measured results [6]. 
 
 
 
 
 
 
 
 
 
 
Figure 2.   J-V  curves for 120 nm radius and 1 μm length Si nanowire: Ș = 8.2 %, FF = 0.65, Voc = 534 mV and  Jsc = 22.5 mA/cm2 
3.2. Device Optimization. 
Three main design parameters are considered for optimization (nanowire length, radius and doping level). Finding 
the optimum length for maximum efficiency is shown in figures 3a. For lengths less than the diffusion length, the 
efficiency is directly proportional to the length. This is because as the length increases, the number of absorbed photons 
increases leading to more generated electrons. This happens till the length is equal to the diffusion length, then the 
number of absorbed photons saturates. Increasing the length while the number of generated carriers has saturated 
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reduces the total current per unit area, which leads to an efficiency reduction. So the optimum efficiency occurs when 
the nanowire length is equal to the diffusion length. This conclusion is in accordance with that of a radial p-n junction 
calculated in [2,3]. Regarding the NW radius, the larger the radius (up to the value of the diffusion length of the 
material) the higher the conversion efficiency as shown in figure 3b. For radii higher than the minority carrier diffusion 
length, minority carrier recombination dominates causing reduction in the total current density. Finally, increasing the 
doping level reflects on the efficiency of the devices till it reaches 1021 cm-3 then the efficiency saturates. However, 
increasing the doping level more than 1018 cm-3 causes a fully depleted junction. As a result of that the optimum doping 
level could be considered at 1018 cm-3. If all three parameters are taken at their optimum values, the output conversion 
efficiency reaches 23.8%. 
 
 
 
 
 
 
 
 
 
 
(a) 
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(c) 
Figure 3. (a) Efficiency vs. nanowire length for Si  Nanowire  of 120 nm radius. The optimum length is approximately equal to the diffusion length. 
(b) Efficiency vs. nanowire radius  for Si  nanowire  of 1 μm length. The optimum radius is approximately equal to Ln (Ln=13 μm). (c) Efficiency vs. 
doping level for Si  nanowire  of 1 μm length and 100 nm radius. The optimum doping level is approximately equal to 1018 cm-3.    
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3.3. Temperature Dependence 
In semiconductor based solar cells, an increase in temperature leads to an increase of ISC. However, VOC decreases in 
a more pronounced way countering the benefit of the higher ISC. The overall effect of the increase in temperature is 
thus to reduce the power conversion efficiency of the cell. This variation is simulated as shown in figure 4 using a 
previously devolved model in [3]. The maximum efficiency (9.5 %) is detected at about 200 K while that of room 
temperature is 8.2% with about 11% lower than the maximum value. The main observation here is that the temperature 
effect on the p-i-n device is lower than that of  p-n device simulated in [3].     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Conclusion 
From the above discussion the following conclusions can be drawn. The total conversion efficiency of the Si radial p-i-
n junction structures is about 60% higher than that designed using p-n junction structure. The optimum efficiency 
occurs when the nanowire length is equal to the material minority carrier diffusion length, the nanowire radius is equal 
to the same diffusion length (Ln= 13 μm for Si) and the doping level is set to be 1018 cm-3. Finally it can be observed 
that the temperature dependence of the p-i-n structure is lower than that of p-n structure.   
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 Figure 4. Temperature effect on  Isc, Voc and FF of Si nanowire solar cells.
